Owing to the rarity of adrenocortical carcinoma (ACC) no prognostic markers have been established beyond stage and resection status. Accelerated glycolysis is a characteristic feature of cancer cells and in a variety of tumour entities key factors in glucose metabolism like glucose transporter 1 and 3 (GLUT1 and -3), transketolase like-1 enzyme (TKTL1) and pyruvate kinase type M2 (M2-PK) are overexpressed and of prognostic value. Therefore, we investigated the role of these factors in ACC. Immunohistochemical analysis was performed on tissue microarrays of paraffin-embedded tissue samples from 167 ACCs, 15 adrenal adenomas and 4 normal adrenal glands. Expression was correlated with baseline parameters and clinical outcome. GLUT1 and -3 were expressed in 33 and 17% of ACC samples respectively, but in none of the benign tumours or normal adrenals glands. By contrast, TKTL1 and M2-PK were detectable in all benign tissues and the vast majority of ACCs. GLUT1 expression was strongly associated with prognosis in univariate and multivariate analysis (P!0.01), whereas GLUT3, TKTL1 and M2-PK did not correlate with clinical outcome. Patients with strong GLUT1 staining showed a considerably higher overall mortality (hazard ratio (HR) 6.34 (95% confidence interval 3.10-12.90) compared with patients with no GLUT1 staining. When analysing patients in their early stages and advanced disease separately, similar results were obtained. HR for survival was 5.31 (1.80-15.62) in patients with metatastic ACC and in patients after radical resection the HR for disease-free survival was 6.10 (2. 16-16.94). In conclusion, GLUT1 is a highly promising stage-independent, prognostic marker in ACC.
Introduction
Adrenocortical carcinoma (ACC) is a rare disease characterised by an aggressive behaviour with an overall 5-year survival ranging from 16 to 44% (Dackiw et al. 2001 , Libe et al. 2007 , Fassnacht et al. 2009 ). The precise pathogenesis of ACC is still poorly understood and due to the rarity of the disease prognostic assessment and treatment strategies are not well standardised (Schteingart et al. 2005) .
Many patients present with locally advanced or metastatic disease and up to 85% of patients with radically resected tumours relapse . Disease stage and completeness of initial resection are currently the only widely accepted determinants of outcome for this disease (Barzon et al. 1997 , Vassilopoulou-Sellin & Schultz 2001 , Schteingart et al. 2005 , Fassnacht et al. 2009 ). However, these features are poorly applicable when fronting patients at a given stage and only partly reflect the wide prognostic heterogeneity of the disease. Therefore, histological and molecular features for prediction of tumour behaviour would be of major importance for tailored therapeutic decisions. However, till date reliable prognostic factors for survival in ACC are lacking.
More than 80 years ago, Warburg (1956) described that one of the most fundamental characteristics of cancer cells is an increased level of glucose uptake and its anaerobic metabolism. Most recently, several key factors in glucose metabolism have been described to be overexpressed in different human carcinomas (for e.g. glioblastoma, colorectal, gastric, pancreatic and breast cancer (Reske et al. 1997 , Grover-McKay et al. 1998 , Urano et al. 2006 , Wincewicz et al. 2007 . Especially, the hypoxiaresponsive glucose transporters isoforms 1 and 3 (GLUT1 and -3) have been shown to be associated with shortened survival in several tumour entities (as in colon, urethelial, oral squamous cell, and head and neck carcinomas (Smith 1999 , Langbein et al. 2006 , Eckert et al. 2008 , Zhou et al. 2008 ) and may possibly assist in the selection of patients for more aggressive therapy. In addition, high expression of transketolase like-1 enzyme (TKTL1) in tumour cells is correlated with poor clinical outcome in colon and urothelial cancer (Langbein et al. 2006) . TKTL1 encodes an alternative transketolase transcript, opening a new energy source for the tumour cell by enabling oxygen-independent glucose degradation and allowing glucose conversion to ribose for nucleic acid synthesis (Coy et al. 2005) . Specific transketolase inhibitors slow down tumour cell proliferation (Comin-Anduix et al. 2001) , whereas the activation of transketolase stimulates tumour growth (Rais et al. 1999) . In many tumour cells, the pyruvate kinase equilibrium is dysregulated at the cost of ATP production by expression of the dimeric pyruvate kinase type M2 (M2-PK). This mechanism allows tumour cells to invade areas with low oxygen and glucose concentrations (Mazurek et al. 2005) and might be relevant for the clinical behaviour of the tumour (Yoo et al. 2004) .
Owing to the rarity of ACC, single centres were not able to collect an adequate sample of tumours for investigating the role of glucose metabolism in ACC carcinogenesis and to correlate factors in glucose metabolism with clinical outcome. Owing to the efforts of the German ACC Registry Group, we were able to collect 167 clinically annotated ACC tumour samples. In the present study, we have used tissue microarrays (TMAs) and immunohistochemistry analysis to investigate expression of GLUT1, -3, TKTL1 and M2-PK in patients with ACC, with benign adrenal adenomas, and in normal adrenal glands. In addition, we have analysed the prognostic value of these markers in ACC.
Material and methods
Clinical data and specimen A total of 186 adrenocortical tissues were collected from patients undergoing surgery for ACC (nZ167), aldosterone-producing adenoma (nZ5), cortisolproducing adenoma (nZ5) and endocrine inactive adenomas (nZ5). The normal adrenal tissue was derived from adrenal glands removed as part of tumour nephrectomy (nZ4). Table 1 summarises the characteristics of patients and tissue samples included in this study. A total of 134 ACC samples were derived from surgery of the primary tumour; 19 of local recurrence and 14 of distant metastasis. The diagnosis of ACC was based on established clinical, biochemical and morphological criteria . All histological diagnoses were confirmed by the reference pathologist of the German ACC Registry (Wolfgang Saeger, Hamburg, Germany) and malignancy was established by a Weiss score R3 (Weiss et al. 1989) . Clinical data of ACC patients, including follow-up and survival data, were collected in a structured manner by the German ACC Registry (www.nebennierenkarzinom.de; Koschker et al. 2006 , Fassnacht et al. 2009 ). Tumour staging was based on imaging studies and findings during surgery, and was reported according to the UICC/WHO classification (DeLellis et al. 2004 . Owing to the retrospective data collection, pre-surgical endocrine work-up and imaging intervals during follow-up were not standardised. However, in the majority of patients glucocorticoid and/or androgen excess was investigated with at least three of the following tests: serum cortisol; plasma ACTH; 24-h urinary free cortisol; 1 mg dexamethasone suppression test; serum dehydroepiandrosteronsulfat (DHEA-S); androstendione; 17-OH progesterone; and testosterone . Surgery of the primary tumour was judged as radical resection if surgical, pathological and imaging; reports did not provide evidence for macroscopically remaining disease. The database for follow-up information was locked in May 2008.
Patients gave informed consent for collecting tissue and clinical data and the study was approved by the ethics committee of the University of Würzburg (Germany, board approval number 92/02 and 86/03). 
Tissue microarray
A total of 182 different adrenocortical tumours (167 carcinomas and 15 benign lesions) and 4 normal adrenal samples were assembled into three TMAs. Briefly, haematoxylin and eosin stained sections of formalin-fixed and paraffin-embedded tissue blocks were re-evaluated to identify the representative areas of well-preserved morphology (without significant necrotic tissue). The corresponding area on the block was marked for tissue punching. The TMA was assembled using a commercially available manual tissue puncher/ arrayer (Beecher Instruments, Silver Spring, MD, USA) according to the manufacturer's instructions. Five cores with a diameter of 0.6 mm were punched from each tissue block and arrayed into a recipient paraffin block at a distance of 1 mm between each core. We chose to array five punch biopsies per case to minimise the number of cases not analysable due to tissue loss and to increase concordance rates among different cores. Sections (2 mm) were cut on silanised slides (Superfrost, Langenbrinck, Emmendingen, Germany) also used for conventional immunohistochemical stains. Before staining, slides were dried at room temperature for 7 days in order to minimise tissue loss. For each block, haematoxylin and eosin stained slides were cut to verify the tumour cell content.
Immunohistochemical staining
Immunohistochemical staining with commercial available antibodies was done in standard technique following the manufacturer's protocols. Positive controls were used in accordance with the manufacturer's recommendations or published experience (Table 2) . TMA slides were deparaffinised with xylene. Sections of positive controls were stained simultaneously. Rinsing the slides in decreasing concentrations of ethanol was followed by antigen unmasking in 10 mM sodium citrate buffer (pHZ6.0) in a microwave oven at Nineteen out of the 33 samples from surgery for recurrence or distant metastases derived from patients with more than one analysed sample. Staining intensities were scored semiquantitatively (grade 0Z no staining, 1Z weak staining, 2Z strong staining) by two independent observers with experience in histomorphology and immunohistochemical investigations (H-U V, P A) without knowledge of the clinical data. In case of discrepancies, slides were re-evaluated together and the score was jointly determined. The cut-off for positive tumour cells per core was defined with O10% of cells per TMA core. However, in the majority of cases either no tumour cells or almost all tumour cells showed a specific reaction.
Since each TMA contained positive and negative samples on one slide; no additional negative controls were used. Established positive controls were used as indicated in Table 2 . Figure 1 shows representative examples for staining. For GLUT1, membranous or cytoplasmatic staining is described (Airley et al. 2001) . However, its biological function is most likely related to localisation in all membrane. Therefore, only cases with membranous staining (with or without cytoplasmatic staining) were included in the analysis. Survival analysis for ACC patients was calculated using the Kaplan-Meier method and the differences between groups were assessed with log-rank statistics. Overall survival was defined as time elapsed from primary diagnosis of ACC to death or last follow-up visit. Disease-free survival (DFS) was analysed only in patients after radical resection and was defined as time from the date of tumour resection to the first evidence of relapse or last follow-up without evidence for disease. To assess response to cytotoxic drugs, we analysed response to platinum-based chemotherapy in 32 patients. Platinum-based compounds were chosen because they are the most commonly used cytotoxic drugs for ACC (Ahlman et al. 2001 and were also the most frequently used drugs in our series. Response was judged according RECIST criteria (Therasse et al. 2000) . The Cox proportional hazards model was used for multivariate analysis to test independence from sex, age and tumour stage on survival. The significance level was set at aZ5% for all comparisons. All statistical tests were done using the SPSS software package (version 15.0.0, Chicago, IL, USA).
Results

Expression of glucose metabolism markers in adrenal tissues
The cellular staining pattern of GLUT1, GLUT3, M2-PK and TKTL1 in adrenocortical tumours was similar to previous reports for other tumour entities (Fig. 1) . GLUT1 and GLUT3 showed a characteristic membranous staining, whereas M2-PK and TKTL1 stained cytoplasmatically. Staining intensity was identical within the different cores of the same tumour sample suggesting homogenous expression of the antigens in the vital tumour regions.
Specific GLUT1 staining was present in 51 out of 152 evaluable ACC samples (33.5%) including 16 samples (10.6%) with strong staining. In none of the adrenal adenomas or normal adrenal glands GLUT1 expression was observed. Similarly, expression of GLUT3 was not present in adenomas or normal adrenal glands, but in 21 out of 153 ACC samples (13.7%) indicated that the expression of GLUT1 and -3 is associated with a malignant phenotype. By contrast, M2-PK and TKTL1 staining was detectable in all adenomas and normal adrenal glands and in the majority of ACC samples (82.1 and 92.7% respectively). For details see Table 3 .
There was no significant correlation between type of hormone secretion in benign or malignant adrenocortical tumours and GLUT1, GLUT3, M2-PK or TKTL1 expression.
In 19 patients, we had the opportunity to analyse tumour samples from consecutive surgeries (surgery at the time of primary diagnosis and surgery for recurrent or metastatic disease). In the majority of these cases the intensity of GLUT1, GLUT3, M2-PK and TKTL1 staining was unchanged. However, in 5, 3, 6 and 2 cases respectively, it was reduced in the specimen of the second surgery and in 4, 0, 1 and 3 cases it was increased.
Glucose metabolism markers and clinical outcome
For survival analysis, only patients with ACC were included, in whom tumour samples from primary surgery and sufficient clinical data (including followup) were available (nZ130). GLUT1 expression was present in 40 out of 118 evaluable samples (33.8%), GLUT3 in 15 out of 119 (12.6%), M2-PK in 99 out of 117 (84.6%) and TKTL1 in 110 out of 118 samples (93.2%) ( Table 4 ). In univariate analysis, patients with GLUT1 expression showed increased mortality in comparison with patients without GLUT1 expression (hazard ratio (HR) for death 2.1 (95% confidence interval (CI) 1.26-3.14). In a multivariate model adjusted for tumour stage and age, GLUT1 expression remained a significant prognostic factor for death (HR 1.81 (1.12-3.07) Table 4 ), confirming GLUT1 expression as an independent prognostic factor for poor survival in ACC. Similar results were obtained when the analysis was performed using the new tumour staging system proposed by the European adrenal network (ENSAT), which has superior prognostic potential (Fassnacht et al. 2009 ). There was no association between GLUT1 staining status and tumour stage (PZ0.13). In contrast to GLUT1, expression of GLUT3, M2-PK and TKTL1 did not correlate significantly with clinical outcome in ACC (Table 4) . When the patients were stratified according to the staining intensity of GLUT1, there was a strong association between the grade of GLUT1 expression and survival with and without adjusting for tumour stage and age (P!0.01; Fig. 2a ). In univariate analysis, patients with weak GLUT1 staining had a HR for death of 1.45 (0.81-2.96; PZ0.22), whereas patients with strong GLUT1 staining had a HR of 6.34 (3.10-12.90; P!0.01). Similarly, GLUT1 expression was associated with a shorter DFS after radical surgical resection (nZ76); the median DFS in patients without GLUT1 staining was 41.9 months compared with only 22.2 months in patients with GLUT1 expression (HR 2.2, 1.12-4.42; PZ0.01). Again, after classifying patients according to their staining intensity, there was an association between the intensity of GLUT1 expression and shorter DFS: in comparison with patients without GLUT1 expression, the HR for tumour recurrence in patient with low GLUT1 staining was 1.36 (0.59-3.19; PZ0.47), whereas ACC patients with high GLUT1 staining had a HR of 6.01 (2.16-16.94; PZ0.01) (Fig. 2b) . In patients presented with distant metastases at diagnosis (nZ28) GLUT1 was also of a predictive value. Patients with high GLUT1 expression had a considerably shorter overall survival than patients with low or no GLUT1 expression (median survival: 7.97 vs 27.80 vs 42.25 months) with a HR of 5.31 (1.80-15.62; P!0.01) for patients with high GLUT1 expression.
In addition, we analysed 32 patients, who received platinum-based chemotherapy. However, no relation between tumour response and GLUT1 was found. 
Discussion
The main finding of our study is the strong prognostic potential of membranous GLUT1 protein expression for patient outcome in ACC. This predictive quality concerns both patients with early tumour stages and patients with advanced disease. Although both, cytoplasmatic and membranous GLUT staining was observed in different tumour samples, we have evaluated only tumours with membranous staining because the biological function of GLUT as a glucose transporter (Kato et al. 2002) .
As the tumour stage is currently the only accepted prognostic marker, our observation is of significant clinical relevance as the tumour stage. Recent studies that have tried to establish prognostic markers for ACC using histomorphology or immunohistochemistry suffered from small sample size or did not adjust their findings for tumour stage (Evans & Vassilopoulou-Sellin 1996 , Stojadinovic et al. 2002 , Assie et al. 2007 . The largest published study included 67 ACC samples from a single centre in the US. Low mitotic index was the only marker with some prognostic value in multivariate analysis (Stojadinovic et al. 2002) . Similar results were found by Assie et al. (2007) analysing 44 selected patients with metastasised ACC. For this reason, we have also analysed the mitotic index in the 130 ACC samples used for survival analysis, and compared its prognostic value with GLUT1. However, in our cohort the mitotic index did not correlate significantly with overall survival (univariate analysis HR 1.24, 95% ) and multivariate analysis, adjusted for age and tumour stage HR 1.22, 95% (CI 0.92-1.59)). Accordingly, the impact of high GLUT1 expression on prognosis in our series is even more remarkable. None of the 12 evaluable patients with high GLUT1 (including one patient in stage I and four in stage II) are still alive and only one survived for 21 months, whereas all others died within the first year after diagnosis. By contrast, 51% of patients without GLUT1 expression are still alive with a median survival of 62 months. Therefore, patients with high GLUT1 expression seem to be at very high risk for ACC-related death and it might be justified to treat them aggressively independent of their tumour stage at diagnosis. In contrast to a publication in ovarian cancer (Cantuaria et al. 2001 ), we could not find any correlation of GLUT1 expression and response to cytotoxic chemotherapy. However, this analysis has several limitations: mainly the small sample size with only 32 patients and the fact that we have investigated only platinum-based regimens.
Although the number of non-malignant adrenal tissue samples in our series were small (nZ19), it is important to note that in none of these samples GLUT1 or GLUT3 protein was detected. Thus, the expression of GLUT1 or GLUT3 in ACC seems to be highly specific for the malignant phenotype. By contrast, sensitivity for diagnosing malignancy is rather limited, as only 33.5 and 13.7% of ACC cases examined in the current study were positive for GLUT1 and GLUT3 respectively. In 11 out of 101 GLUT1 negative samples, GLUT3 expression was found, hence, about 60% of ACC samples are negative for both transporters. The reasons for this may be various: in these ACCs other GLUTs may be responsible for the supply of glucose or tumours are less dependent on glucose metabolism as their main source of energy. In addition, we can not fully exclude that heterogeneity of GLUT1 expression within tumour samples may have contributed to the low frequency of positive GLUT staining in our TMAs. However, in a subset of specimens we have evaluated also the staining in regular tissue slides of ACCs. The results correlated fully with the corresponding spots on the microarray, making this explanation unlikely. Many ACCs are harbouring necrotic areas that are more likely to lead to GLUT1 expression locally. However, these areas are often difficult to judge reliably by immunohistochemistry. Therefore, we have restricted our analysis to areas without necrosis.
The expression and functionality of GLUTs in tumours are probably related to a number of factors. In this context, the role of oncogenes and tumour hypoxia has generated considerable interest (Dang et al. 1997) .
It has been proposed that the activation of oncogenes results in increased transcription of GLUTs and glycolytic enzyme genes (Baron-Delage et al. 1996 , Dang et al. 1997 , Onetti et al. 1997 , Osthus et al. 2000 , Chen et al. 2001 . Therefore, the activation of different oncogenes may explain the overexpression of different metabolic pathways leading to phenotypic heterogeneity concerning expression of GLUTs.
This may explain why glucose utilisation could be measured by 18F-fluordesoxyglucose (FDG-PET) also in these carcinomas, not expressing GLUT1 or GLUT3. To analyse the correlation between FDG-maximal standardised uptake values and GLUT expression in ACC, further investigations will be required.
In contrast to the glucose, transporter 1 and 3, TKTL1 and M2-PK were present in all non-malignant adrenal samples and the in vast majority of ACCs suggesting that these factors do not play an important Endocrine-Related Cancer (2009) 16 919-928 www.endocrinology-journals.org role in adrenocortical malignancy. Accordingly, TKTL1 and M2-PK harbour no prognostic potential. The same was true for GLUT3 expression, indicating that hypoxia-induced up-regulation of GLUT3 is of minor importance for prognosis in ACC.
Our results emphasise the molecular heterogeneity of ACC and indicate the need for targeted molecular therapies tailored to the individual patient. Several researchers have proposed the inhibition of GLUTs as a potential therapeutic target (Fung et al. 1986 , Grover-McKay et al. 1998 , Cantuaria et al. 2001 . However, GLUT1 is also abundantly expressed in endothelial cells in normal tissues (North et al. 2000) , in brain microvessels (Simpson et al. 1999) and in other blood tissue barriers. Thus, targeting of GLUT1 may be highly toxic to cells dependent on nutrient provision at these sites and the side effects of such an approach will be probably unacceptable. However, for future use of hypoxia-selective therapies in cancer (Patterson et al. 2002) , genes or proteins inducible via the HIF pathway like GLUT1 may become highly valuable markers of tumour hypoxia. Additionally, it is known, that some members of the GLUT/SLC2A family exist in different molecular forms resulting from splice variants (Augustin et al. 2004) , differential glycosylation and other post-translational modifications. This may create opportunities to develop novel and specific compounds to inhibit specific molecular variants of GLUT1 overexpression in ACC and other cancers. Since only paraffin embedded ACC samples were available for our analysis, we could not test this hypothesis in this study.
In conclusion, our results suggest that GLUT1 immunostaining may provide important prognostic information in patients with ACC, independent of tumour stage. We hypothesise, that high GLUT1 expression in ACC indicates increased glucose uptake and utilisation, which correlates with aggressive behaviour and requires an aggressive therapeutic strategy. Further studies analysing the association of GLUT1 with biologic markers of proliferation, oncogenes and growth factors will allow a more in-depth understanding of the biologic significance of GLUT1 overexpression and may guide targeted therapies.
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